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How Are Stars Like People?
Teacher’s Guide

by David Rothstein, CSIP Graduate Student Fellow, Cornell University

Overview 
In this activity, students will learn about populations of stars by making an analogy with human populations.  They will graph properties of humans and stars (the latter using real astronomical data), look for relationships between the properties they graph, and determine what can be learned about each population using this technique, as well as what some of the technique’s disadvantages are.  
This activity serves as an introduction to stellar astronomy, but it also works as an illustration of the general methods that scientists use when confronted with a new set of data that they are trying to understand.

Subject 

Astronomy, Earth Science
Audience 

This activity is aimed at a high school audience, but it could easily be modified for use with middle school students.
Time Required

The essential activities can be covered in 40 minutes, or the entire project can be stretched to 4 hours or even much longer.  (In the description below, the activity is broken up into several sections that you are free to select from, and time estimates for each section are included.)
Background 

Analyzing Data

Scientists are often confronted with data whose significance they do not immediately realize.  When an astronomer takes pictures of the sky, when a biologist records sounds in the wild, or when a social scientist surveys the opinions of a group of people, each is immediately in possession of a large amount of information about every member of the “population” that is being studied.

In the case of an astronomer, for example, a picture of the sky might contain information about the color, brightness, and location of each star (students will probably come up with a longer list during the course of this activity).

One of the first steps in the scientific process—often occurring even before scientists make a formal “hypothesis” about their data—is simply to characterize the data and look for relationships between different properties.  For example, do stars that are bluer also tend to be brighter?  Is the relationship different between different populations of stars, and what might that be telling us about the two populations?

The simple discovery of relationships and trends, even if scientists do not immediately understand what they mean, is one of the most important activities in science, especially at its most fundamental level.  In the 1920s and 1930s, for example, Edwin Hubble and others discovered that there is a relationship between the distance of faraway galaxies and the speed at which the galaxies move away from us (farther galaxies are moving away faster).  This simple observation eventually led scientists to the Big Bang theory and an understanding of the universe’s age and how it was formed!
Stellar Astronomy

Stars are a subject that students often struggle to understand.  How can astronomers possibly come to know the physical properties of stars when they are so far away?  And how do we learn anything about the way stars evolve in time when it takes billions of years for most of them to change significantly?
This activity makes an analogy between stars and humans, which are easier to relate to.  By having students graph properties of populations of humans based on a “snapshot” in time (i.e., a photograph or a census) and seeing what they can infer about these populations and how they change, the activity seeks to demystify the processes that astronomers and other scientists use.  The same techniques can then be applied to observations of actual star clusters, allowing students to learn about the properties of stars and also make a connection between astronomical techniques and practical, down-to-earth applications.
In the standard high school earth science or astronomy curriculum, the only exposure that students have to graphing properties of stars is to learn about the Hertzsprung-Russell diagram, a graph of stars’ temperature versus luminosity that was first made in the early 20th century and that is extremely important for understanding the inner workings of stars and how they evolve.  Students learn where different stars fall on the diagram and how they “move” on the diagram as they get older and evolve.  Because the Hertzsprung-Russell diagram is often covered very fast in the curriculum, however, students sometimes come away with erroneous beliefs.  For example, instead of a star “moving” back and forth across a theoretical diagram as it evolves and its properties change, some students believe that the stars actually move back and forth across the sky!
The activity presented here serves as an inquiry-based lead-in to the Hertzsprung-Russell diagram and the study of stellar properties.  As a result of this investigation, students will learn:

(1) There are many different properties of stars besides temperature and luminosity that one can imagine plotting, and stars would “move” in different ways on different diagrams, 
(2) Temperature and luminosity in fact cannot be learned directly from a picture of the sky, but only derived from other observable quantities, and 
(3) There are possible perils and observational biases that come into play when trying to understand how stars evolve using these diagrams. In fact, astronomers have historically run into some of these perils.
Learning and Behavioral Objectives

Upon completing this project, students will be able to:
· List some similarities between clusters of stars and crowds of people and the methods that they would use to classify each.
· Graph two properties of a population, use them to classify the members of the population into different groups, and determine how the members of the population are evolving in time.

· Explain some of the drawbacks of and biases inherent in classifying a population using a graph.
· Explain the relationship between color, temperature, luminosity, apparent brightness, size, mass, distance, and age for stars at various stages of their lives.

Science Education Standards Addressed
· National Science Education Standards (Content Standards: 9-12)
· A. Science as Inquiry

· Design and conduct scientific investigations

· Use technology and mathematics to improve investigations and communications
· Formulate and revise scientific explanations and models using logic and evidence

· Recognize and analyze alternative explanations and models

· Communicate and defend a scientific argument

· G. History and Nature of Science
· Science as a human endeavor
· New York State Standards (Physical Setting/Earth Science Standards)
· Standard 1:  Analysis, Inquiry, and Design:  Scientific Inquiry
· Key Idea 1:  The central purpose of scientific inquiry is to develop explanations of natural phenomena in a continuing, creative process.
· Key Idea 2:  Beyond the use of reasoning and consensus, scientific inquiry involves the testing of proposed explanations involving the use of conventional techniques and procedures and usually requiring considerable ingenuity.
· Key Idea 3:  The observations made while testing proposed explanations, when analyzed using conventional and invented methods, provide new insights into phenomena.
· Standard 4:  Performance Indicator 1.2b:  Stars form when gravity causes clouds of molecules to contract until nuclear fusion of light elements into heavier ones occurs. Fusion releases great amounts of energy over millions of years.
· The stars differ from each other in size, temperature, and age.

· Our Sun is a medium-sized star within a spiral galaxy of stars known as the Milky Way.  Our galaxy contains billions of stars, and the universe contains billions of such galaxies.

Classroom Procedure
This lesson plan contains nine separate sections that a teacher can pick and choose from, depending on how much time is available to dedicate to the activity.  For example, choosing Sections #1, #2, #4, #5 and #7 leads to an activity that can be squeezed into a single class period.  Following all the steps below, meanwhile, produces a lesson that can be stretched over many days or even weeks.  It’s probably a good idea to include at least one activity that allows students to actually make a graph (#2, #3 or #6), as this is the main hands-on part of the lesson plan.
1. Introduction
Estimated Time: 5-10 minutes
Materials: Photographs of crowds of people and clusters of stars (included with this lesson plan or obtained on your own)
a. Pictures.  Show students the pictures of the star clusters M3 and the Pleiades, and also show them pictures of crowds of people.

b. Similarities Between Stars and People.  Ask the students:  What are some of the similarities between the pictures of stars and pictures of people?

c. Snapshots and Censuses.  Talk with the students about how most stars change very slowly compared to human timescales (millions or billions of years are common).  Therefore, even if we keep going back and looking at these stars over, say, 20 or 30 years, from a practical standpoint we still have only a single “snapshot” or “census” of the stars and their properties at one point in each star’s lifetime.
d. Aging.  Ask the students:  If all we have is a snapshot, how do you think astronomers know anything about how stars change as they age?  (To prod the discussion along, you can point out that no one in the room has ever seen a human age from birth until old age, but we still know how it happens.)
e. Graphs of Populations.  Review the concept of graphs, relationships and trends, and explain that the goal of this project is to understand how scientists use graphs to better understand different populations and the way these populations change in time, whether stars, humans, or other objects.
2. Height vs. Shoe Size: A Census of Humans
Estimated Time: 15-20 minutes
Materials: 
· Height vs. shoe size plot and data sheets (included with this lesson plan), including one copy of the plot printed out on a transparency sheet

· Transparency projector
· Transparency markers
a. Data Sheets.  Pass out the data sheets. Have each student record his or her height, shoe size and gender, then hand these sheets back in.
b. Making the Graph.  Pass out the graphs and have each student plot each data point as you write the numbers for everyone to see.  Ask the students to find a way to distinguish the male and female points on the graph (e.g., by using a different color or plotting symbol).  The teacher can also make a graph on transparency paper to show to everyone at the end.

c. Description of the Graphs.  Ask students to describe the properties of the graph and the differences between the males and females in words.
d. “Moving” on the Graph.  Ask the students:  How do you think people would “move” on the graph during the course of their lives, from birth until old age?

e. “Moving” Populations.  Discuss the distinction between how an individual person moves on the graph and how an entire population of people moves on the graph.  (Note: If you have data from multiple classes, it could be very interesting to overlay the transparencies and compare them at this point.  I found that the differences between 9th and 10th grade males were not necessarily what people would expect; the 10th graders were taller but actually seemed to have similar-sized feet.)
3. Photographs of Crowds: A Snapshot of Humans
Estimated Time: 30-40 minutes
Materials: 
· Photographs of crowds of people, one mostly young and one mostly old (included with this lesson plan or obtained on your own)
· Transparency sheets

· Transparency projector

· Transparency markers

a. Young vs. Old People.  Pass out the photographs of young and old people, and ask each group of students to make a list of some of the characteristics that differentiate the young humans from the older ones (based on the photographs alone, not based on any other knowledge the students have).

b. Relationships Changing in Time.  Point out that although studying one item from the list (e.g., the number of wrinkles in a person’s face) can give some information about how humans change as they age, more information can be obtained by looking at two items from the list at once and seeing how the relationship between these items changes in time.
c. Wrinkles vs. Height.  As an example, discuss a plot of “number of wrinkles” vs. “height,” and ask the students to sketch where babies, teenagers, adults, and elderly people would be on this plot.

d. Accuracy of Measurements.  Also discuss with the students how well we can measure the above two properties on the pictures.  The number of wrinkles might be possible to count, but only if the photograph has high enough resolution. However, the height of each person might be possible to estimate (e.g., by dividing people into broad categories of  “short,” “medium” and “tall”) but not to measure with a high degree of accuracy.

e. Making the Graphs.  Ask each group of students to make their own graph of two properties of humans that they can categorize in some way (even if it’s something as simple as a “yes” or “no” categorization) and plot the properties of people in each picture on the same graph (color-coding the points by which photograph they came from).

f. Student Presentations.  Have each group of students briefly present the results of their plot.  In classroom discussion, focus on the distinction between how an individual person might move on the graph as he or she ages, and how the two entire populations differ (one mostly young and one mostly old).

g. Populations at Different Ages.  A key point to discuss is the idea that by looking at two populations whose members are at different ages but otherwise similar, we can get a rough sense of the track that an individual person might take on the graph as he or she ages, even though we haven’t observed it directly.
4. Possible Problems with the Graphing Technique
Estimated Time: 10-20 minutes
Materials: None

a. List of Problems.  Have the students make a list of possible problems with the use of graphs to learn about a population.  If our goal in making these plots is to understand something about the entire population of humans on Earth, in what ways might the technique fail?

b. Discussion of Problems.  Have the students share their ideas and discuss some of them with the class.  Here are some possible ideas that might be worth discussing (some apply only for a census or only for a photograph, but most apply for both):
· The sample of people might not be representative.  Some categories of people (e.g., babies) might not be in a photograph or census, or might not be represented in proportion to their actual numbers in the population.  This could be because they are less likely to attend the event where the photograph was taken, less likely to respond to a survey, or other reasons.
· Some people might be disguising themselves in a way that leads us to measure their properties incorrectly.  For example, in the height vs. shoe size plot, we are probably really interested in the size of a person’s feet, but what if someone dressed as a clown, with giant clown shoes, participated in the study?  Or in a plot of “grayness of hair” vs. “number of wrinkles” that might be used to determine people’s ages, how might people disguise their ages in a way that would fool the plot?  (Hair dye or Botox are common answers here.)
· There is a difference between properties that we can measure directly and properties that we want to know.  For example, we can measure from a photograph whether or not someone wears glasses, but we might really want to know if their eyesight is poor, and our measurement can be easily fooled if the person is wearing contact lenses.  (This is closely related to the previous point.)
· Our measurements might be inaccurate.  For example, height might be measured with shoes on for some people and without shoes on for others, or certain properties might be hard to discern because of the low resolution of the photographs.
· Some people in a photograph are harder to see than others.  This might cause a problem if certain types of people preferentially like to be at the front of the crowd, where they are more visible.  And even if the people who are farther away from the camera can still be seen, the measurement of their properties might be less accurate because of the greater distance.
· In a photograph, we only see the object from one direction or perspective.  If different types of people are in different parts of the crowd, this might cause problems.  (This is closely related to the previous point.)

· Different populations of people might age at different rates.  For example, some people might be genetically predisposed to have their hair go gray at an early age.
· The person who is studying the photograph or conducting the survey might be biased.  The person may, either consciously or subconsciously, focus his or her counting on particular kinds of people or a particular region of the photograph.

· The sample size might be too small to accurately represent the overall population.  In other words, there might be statistical error.
5. Stars: Deciding What to Plot

Estimated Time: 5-10 minutes

Materials: Photographs of the star clusters M3 and the Pleiades (included with this lesson plan)
a. M3 vs. Pleiades.  Show students the pictures of the star clusters M3 and the Pleiades, and ask them to describe some of the differences.

b. List of Properties.  Ask students to list some properties that they might want to plot in order to characterize the populations.

c. Measurable Properties vs. Interesting Properties.  As you write down suggestions, make sure to differentiate between things that can be measured directly in the photograph (e.g., how bright the star appears when seen from Earth, its color, its position in the sky) and things that you might want to know but can’t measure directly (e.g., how bright each star actually is intrinsically, its distance, its mass, its physical size
).
d. Color-Magnitude Diagram.  Explain that there are many valid plots that could be made, but to start with, we’re going to make a plot of color vs. apparent brightness (e.g., the “color-magnitude diagram”), because this is one of the popular graphs that astronomers like to make, and the data we have access to for these star clusters make it an easy plot to construct.  However, it should be kept in mind that there might be a lot of information about these stars that does not come through in the color-magnitude diagram!
e. Color-Magnitude Diagram for M3 and Pleiades.  Ask students to draw what they think the color-magnitude diagram of each star cluster would look like.
6. Stars: Making the Graph
Estimated Time: 30-40 minutes

Materials:  
· Photographs of the star clusters M3 and the Pleiades (included with this lesson plan)
· Red and blue cellophane

· Data sheets and blank graphs, printed out on transparencies as appropriate (included with this lesson plan)

· Transparency projector

· Transparency markers
· Clear tape

a. Measuring Color.  Discuss with students the need to find a quantitative measure of color in order to plot it on a graph.  Ask for suggestions about how this might be done.

b. Using Filters.  Pass out the photographs and the blue and red cellophane.  These are simple examples of filters that astronomers might put in front of a telescope to block out certain colors of light.  If some colors of light from a star are blocked out and others are allowed to pass through and hit the camera, then measuring the brightness of the star in that image could allow astronomers to come up with a number that describes the color of the star (i.e., a quantitative measurement of the star’s color).  Ask students to look at blue and red stars through each filter and record their observations.

c. The Effect of Filters.  Ask the students:  Does a blue filter block blue light or let it through?  The answer is that it lets blue light through.  A faint red star viewed through the blue filter will be almost invisible, while it will still be visible through a red filter.  The blue glow around some of the brightest stars in the Pleiades
, however, will disappear when viewed through the red filter but still be visible through the blue filter.  Therefore, the blue light that comes from the photograph must be making it through the blue filter and into students’ eyes, and, similarly, the red light is making it through the red filter.
d. Data Sheets.  Hand out the data sheets, one to each group of students.  Each sheet contains information about a few stars from the Pleiades and 100 stars from M3.  (There are actually many more stars in each cluster; this is just a sample of them!  Also, note that the data on these stars was not obtained from the photographs here; rather, it was obtained from published catalogs that were based on analyses of different photographs.)

e. Apparent Magnitude.  If students are not familiar with the concept of apparent magnitude (the unit of brightness used on the data sheets), discuss it with them.  Apparent magnitude is a system used by astronomers to measure how bright a star appears, and the scale runs backwards compared to most systems; a star with a higher apparent magnitude is actually fainter.  (One way to remember this is to think about numbering the stars in the sky by their brightness; you might call the brightest ones “1st magnitude,” the next brightest ones “2nd magnitude,” and so on.)
f. Columns on the Data Sheets.  The columns on the data sheets include “B” (the apparent magnitude of the star when viewed through a blue filter), “V” (the apparent magnitude of the star when viewed through a green/visible filter), and “B-V” (the V magnitude subtracted from the B magnitude, which is a measure of the star’s “redness” and therefore its color).  Based on the backwards magnitude scale discussed above, students should be able to convince themselves that a star with a large value of B-V has very little blue light but a lot of green/visible light; therefore, it tends to be more red than blue.
g. Making the Graph.  Have each group of students plot as many stars as possible on a blank grid printed out on transparency paper.  Tips for the plotting exercise include:

· The horizontal axis (B-V) is a measure of color, and the vertical axis (V magnitude) is a measure of brightness.

· Students should be careful to notice the backwards scale on the vertical axis (which is set up so that brighter stars appear higher) and be careful to plot stars along this axis correctly.

· To save time, you can have the students not bother with the Pleiades plot and focus only on the M3 plot (since there are only a few stars in the Pleiades, and a filled version of the Pleiades graph is included with this lesson plan for analysis later on).

· It is not necessary for every group to plot all their stars from M3.  There are enough stars on the data sheets that interesting results will still be apparent.

h. Displaying the Graph.  The color-magnitude diagrams can be viewed by overlaying the students’ transparency sheets on top of each other on the projector and taping them down.  The class should be able to see a pattern emerging after several transparencies are overlaid.  You can also overlay the preprinted graph of 1,220 “extra” stars from M3 that were not included on the data sheets, in order to help fill in the plot.  Discussion of the resulting color-magnitude diagrams is described in the next section.

7. Stars: Analyzing the Graph
Estimated Time: 10-30 minutes

Materials:  
· Color-magnitude diagrams of the star clusters M3 and the Pleiades printed on transparencies, either made by the students or taken from the filled graphs included with this lesson plan

· Transparency projector
a. Pleiades: Expectations vs. Results.  Show the color-magnitude diagram for the Pleiades.  Ask students to compare what the diagram actually looked like with what they expected, and think about what might have caused the differences (the faint red stars show up in the diagram but were harder to see in the photograph).

b. The Main Sequence and Non-Representative Populations.  Discuss the fact that the stars in the Pleiades all seem to fall on a diagonal line which astronomers call the “main sequence.”  When astronomers make a color-magnitude diagram of stars all across the sky, they find that about 90% of them are on the main sequence.  The fact that 100% of the stars in the Pleiades are on this line is because the stars in the Pleiades are a non-representative population (discussed in Section 4).
c. M3: Expectations vs. Results.  Show the color-magnitude diagram for M3.  Once again, ask the students to compare what the diagram actually looked like with what they expected.  Students might notice that there are more faint red stars in the diagram than can be seen in the photograph; again, this is because the faint stars are harder to see.
d. M3 vs. Pleiades.  Overlay the M3 and Pleiades plots on top of each other.  Ask the students:  What are some of the differences between these plots?

e. Distance.  One of the main differences between the plots is that although the stars in both clusters have a similar range of colors, the stars in the Pleiades are much brighter.  Ask the students:  What are some possible reasons for this?  There are many good possibilities, but the actual answer, and the simplest one, is that the Pleiades is closer to us than M3.  Remember that the graphs are measuring how bright each star appears from Earth, not how bright it is intrinsically; therefore, stars that are closer will appear brighter than stars that are farther away but otherwise similar (just like the Sun appears bright in the sky because it is so close to Earth compared to other stars).

· Lining Up the Graphs Vertically.  By sliding the graphs vertically so that the red stars on the main sequence “line up” between M3 and the Pleiades (i.e., assuming that these stars are intrinsically similar), it is possible to measure how the distances between the clusters compare to each other.  The farther away M3 is compared to the Pleiades, the more you would have to slide the graphs vertically for them to line up.  Determining distances in this way is a technique called “spectroscopic parallax.”  (For reference, the distance to M3 is around 100,000 light-years, while the distance to the Pleiades is only around 400 light-years.)

f. Age.  Leaving the graphs lined up vertically, it is possible to see other differences between them.  One difference is that many of the bright blue stars on the main sequence in the Pleiades are “missing” in M3; it appears they have been shifted over to the bright red side.  This is thought to be due to a difference between the star clusters’ ages.

· Evolution of Stars.  Ask the students:  How do you think stars change as they age, based on this graph?  There are many possible answers, and advanced theoretical work is needed to understand exactly what happens (see Section 8b for more information).  It might help to tell the students that they can assume that all the stars in each cluster are the same age (e.g., one is like a photograph of 16-year-old teenagers and the other is like a photograph of 80-year-old senior citizens) —however, it is important to remember that this is just an assumption!  One possible answer (which turns out to be the correct one) is that as stars age, they leave the main sequence and become bright red stars (“red giants”).  Also, the bluer the star is, the less time it spends on the main sequence before leaving (the blue stars act a bit like humans whose hair goes prematurely gray).  Therefore, if all the stars in the cluster formed at the same time, the Pleiades must be young (because all its stars are still on the main sequence) and M3 must be older (because most of its blue stars have left the main sequence and evolved into red giants). A cluster that is even older than M3 would have its faint red stars also leaving the main sequence.
· “Early” and “Late” Stars.  Historically, astronomers referred to blue stars as “early type stars” and red stars as “late type stars,” and these names are sometimes still used today.  The names come from an old (and now discredited) theory that stars start their lives as blue stars and gradually get redder as they age—i.e., red stars are always older than blue stars.  Ask the students:  Does this theory make sense in light of the graphs?  Which stars were early astronomers’ telescopes less likely to have been able to detect, and how might that have affected their theories?  (It seems as though the theory could be consistent with the graphs if each star cluster includes stars with a wide range of ages, but not if all the stars in each cluster are roughly the same age.)
g. Problems with the Graphing Technique.  Go over the various problems raised by students with the graphing technique applied to human populations (in Section 4) and discuss whether or not they apply to graphing of stars.  Some interesting points to make might include:
· Stars Disguising Themselves.  Although most of the bright blue stars in M3 have left the main sequence and gone on to become bright red stars, there is still a small band of bright blue stars remaining.  These are called “blue stragglers,” and one of the possible explanations for why they exist (i.e., why they haven’t evolved to become bright red stars like the others) is that they actually consist of two faint red stars in “disguise.”  If two faint red stars collide and merge with each other to form a brighter, bluer star, that star has spent most of its life on the faint red part of the main sequence, so we really should plot it as two points there rather than as one point on the blue end—in that case, the mystery disappears.
· Stars That are Hard to See.  M3 has a lot of stars that are very faint, but the number of stars drops off very sharply at a V magnitude of around 22; virtually no stars fainter than that have been observed.  Does that mean that there are no stars fainter than that in the cluster?  Not necessarily — a more likely explanation is that stars fainter than that value are too hard to see in the picture, leading to an inaccurate sample of the stars in M3.  As can be seen when the two plots are lined up, the Pleiades has a line of stars that are further down the red branch of the main sequence than the faintest, reddest stars in M3, and it is likely that similar stars exist in M3 but are too faint to be seen.
8. Stars: Understanding the Graph
Estimated Time: 10-30 minutes

Materials:  Color-magnitude diagrams of the star clusters M3 and the Pleiades printed on transparencies, either made by the students or taken from the filled graphs included with this lesson plan; transparency projector
a. Properties of Stars That Can’t Be Measured Directly.  Ask the students to list some other properties of stars that we might want to know but that can’t be determined directly from a photograph.  Astronomers have figured out how to determine some of these properties through careful study of the color-magnitude diagram, as well as other observations and theoretical developments.  Some interesting properties to discuss include:

· Luminosity.  A star’s luminosity (or intrinsic brightness) is not the same as its apparent brightness viewed from Earth.  If you measure a star’s apparent brightness and also measure its distance, you can figure out its luminosity (this is related to shifting the graphs vertically, as was discussed in Section 7e).

· Temperature.  A star’s temperature is closely related to its color.  (Think of heating a piece of metal and watching its color change from red to orange, or think of a candle, where the hottest part of the flame is blue and the cooler parts above are orange.)  Therefore, measurements of a star’s color can be used to determine its temperature; just like in a candle flame, blue is hot and red is (relatively speaking) cool.
· Hertzsprung-Russell Diagram.  Based on the above discussion, a plot of a star’s temperature vs. luminosity would be very similar to a color-magnitude diagram.  (The name “Hertzsprung-Russell diagram” is often used interchangeably to refer to either of these graphs, but textbooks will tend to use it mainly for the temperature-luminosity plot.)  A temperature vs. luminosity plot is more useful than a color-magnitude diagram, because it is plotting intrinsic properties of the stars rather than observational ones.   On a temperature vs. luminosity plot, for example, the stars in the Pleiades would not appear systematically brighter than the stars in M3, since we are plotting how bright they actually are rather than how bright they appear from Earth.

· Size.  Ask the following questions:

· If we increase a star’s size while keeping its temperature the same, how would its luminosity change?  (Answer: The luminosity should go up; imagine turning a small flame into a giant fire.)

· If we increase a star’s size while keeping its luminosity the same, how would its temperature change?  (Answer: The temperature would have to go down in order for the large fire not to be giving off any more light than the small flame.)

From these thought experiments, students can learn that moving up and to the right on the color-magnitude diagram is an indication that the star is getting larger, while moving down and to the left indicates that it is getting smaller.  That’s why the stars on the top right are referred to as “red giants”—they are red and physically large.  Stars on the bottom left are referred to as “white dwarfs.”
· Mass.  What causes the range of properties that we see in a star cluster like the Pleiades, where all the stars are around the same age?  This is a bit like asking what causes the range of heights and shoe sizes we see in a classroom!  Astronomers think that it is the mass of the star that determines where on the main sequence it will fall—massive stars are blue, hot and bright, while less massive stars are red, cool and faint.  Figuring this out isn’t so easy; it’s a bit like trying to find the gene responsible for a person’s height.  But a star’s mass can be directly measured in some situations (for example, if another star is in orbit around it), and these measurements and others have helped astronomers build up an overall picture that supports the idea that a star’s mass is what controls its destiny.
b. Which Cluster is Older?  All else being equal, the differences between the populations in M3 and the Pleiades are probably due to a difference in age (as was discussed in Section 7f).  But how do we know which one is older?  Isn’t it possible that bright red stars (red giants) turn into bright blue main sequence stars, and not the other way around, and therefore that M3 is younger than the Pleiades?  This is not an easy question to answer; it requires a lot of theoretical work.  Students can gain some insight by thinking about the basic idea that hot, bright blue stars might be expected to burn out the fastest (since they are giving off a lot of energy).  Other knowledge comes from studying the nuclear reactions that occur inside stars and the ways in which these reactions affect the star’s surface chemical composition (a property which can be measured).

c. Open and Globular Clusters.  The Pleiades has over 3,000 stars, is ~400 light-years away, and measures ~13 light-years across (antwrp.gsfc.nasa.gov/apod/ap031227.html).  M3 has ~500,000 stars, is ~100,000 light-years away, and measures ~150 light-years across (antwrp.gsfc.nasa.gov/apod/ap030915.html).  These clusters are good examples of the two categories of star clusters observed in the Milky Way and other galaxies.  Globular clusters (like M3) are big, contain many stars, formed early on in the galaxy’s history, and orbit around the outside part of the galaxy.  Open clusters (like the Pleiades) are smaller, contain fewer stars, formed more recently, and reside within the galactic disk, where they can be nearby normal stars like our Sun.
d. Leaving the Main Sequence.  Stars go through a lot of turmoil as they leave the main sequence and move on to the next stages of their lives.  One simple connection that can be made to this lesson plan is to look at pictures of planetary nebulae—red giants that are shedding their outer layers on the way to becoming white dwarfs (for some good photographs, see the Wikipedia article at en.wikipedia.org/wiki/Planetary_nebula).  Ask the students:  If a star loses its cool outer layers and reveals a small, hot core inside (the white dwarf), how would it be expected to move on the Hertzsprung-Russell diagram?
9. Further Inquiry

Estimated Time: As much time as you want to dedicate
Materials:  Excel spreadsheet containing data on 20,191 stars in M3 (included with this lesson plan)

The data in the Excel spreadsheet can be used to allow students to investigate other questions about the star cluster M3.  The spreadsheet contains information about the V, B, and I magnitudes of each star.
  There also is information about the distance of each star from the center of the cluster (in the X and Y directions; i.e., perpendicular to the plane of the sky) and an indication of whether the star is variable (i.e., whether its properties change on easily-measurable human timescales).

There are many questions that students could ask about M3 (not all of which might have been thought of by professional astronomers!) and investigate using computer plotting software.  Some examples might include:

· Are there any trends between distance from the cluster center and other properties?
· Are there any trends between the space density of stars (i.e., the number of stars per unit area on the sky) and other properties?
· Are variable stars systematically different from non-variable stars in any way?
Assessment Strategy

No formal assessment was used during the implementation of this activity.  If time is available, a good assessment strategy would be to have students try Section 9 on their own and explain what they found via a written or oral report.
Teaching Tips

As discussed in Section 6e, the data on the brightness of each star is measured in “magnitudes,” a rather strange unit of measurement used by astronomers.  Magnitudes may already be familiar to astronomy teachers and students, but they are less likely to be familiar to earth science classes.  For an earth science class, students can simply be told that the magnitude scale goes backwards (brighter stars have smaller magnitudes) and to be careful about this while plotting. For an astronomy class, the exercise in this section might be a good way to introduce students to the concept of magnitudes, providing an opportunity to learn about it in a relevant context.

It is best not to have more than about 12 groups of students working on this project, because for a larger number than that, the transparency sheets will start to get very dark when they are all laid on top of each other on the projector.
I would like to thank teachers James Ulrich, Rosemarie Wolf, and especially Katherine Soriano for their help in developing the unit presented here, as well as the students in these teachers’ classes for helping me pilot these materials.
This material was developed through the Cornell Science Inquiry Partnership program (http://csip.cornell.edu), with support from the National Science Foundation’s Graduate Teaching Fellows in K-12 Education (GK-12) program (DGE # 0231913 and # 9979516) and Cornell University. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of the NSF.
� Even though each star does seem to have a certain “width” in the photograph, this is not the star’s actual physical size.  Rather, it is due to blurring of the star’s light from either the Earth’s atmosphere or the telescope’s optics.  The actual physical sizes of the stars in these photographs are much smaller than their blurred sizes and are too small to be able to resolve.





� The blue glow around the brightest Pleiades stars is called a “reflection nebula,” and it is similar to the blue sky that we see on Earth via reflected light from the Sun!  In both cases, we see most of the light coming directly from the star itself, but some of the light that the star emits in a direction that is not aimed at us scatters off of molecules and gets redirected our way, thereby causing some light to appear from the location of the scattering molecules.  In both cases, blue light is more likely than red light to be scattered, due to the way it interacts with the molecules, and therefore the reflection nebula and the sky both have a blue tinge.


� This is also a possible explanation for why there is one star in the Pleiades that seems to be quite a bit below the main sequence; perhaps it is a background star that is not actually part of the Pleiades but just happens to be in a similar part of the sky.  If it is further away than the other stars in the Pleiades, it would appear to us to be fainter.


� “I magnitude” is a measure of the star’s brightness through an infrared filter. Also, note that many of the I magnitudes, some of the B magnitudes, and a few of the V magnitudes have not been measured; a “0” is included in the relevant spreadsheet cell in that case.  


� Note that since variable stars can move across the color-magnitude diagram relatively quickly, a single measurement of their properties does not necessarily give accurate information about them; variable stars were excluded from the 2,420 stars used in the plotting exercise in previous sections.
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